The United States Department of Agriculture estimates the yearly wholesale value of floricultural crops, including flowering, bedding, and tropical foliage, to be in excess of $5.2 billion (36) . Steady annual increases in sales have occurred in the floricultural industry. As this industry has grown, production has also diversified to include hundreds of plant species and cultivars. Many of these crops are labor intensive, specifically during early stages of production. As a result, much of the initial crop production is done in countries with low labor costs. In order to satisfy consumer's demands, over $568 million worth of ornamental propagative materials are imported annually (38) . Most of the imported floricultural propagative material enters the United States through Florida, California, and Texas. From these entry points, propagated material is rooted, grown, and shipped throughout the United States and North America. Production facilities contain plants from temperate, subtropical, and tropical origins. With introductions of so many new plant species, new pathogens are inadvertently introduced. Over the past 20 years, there have been many new pests described on floricultural crops and, as the industry continues to grow, this trend will undoubtedly continue.
Bacterial wilt caused by Ralstonia solanacearum (Smith 1896) Yabuuchi et al. 1996 (synonym Pseudomonas solanacearum) is a common bacterial disease in tropical and subtropical areas of the world. This pathogen is known to infect hundreds of plant species encompassing 44 families (9) . Extensive damages to crops of banana, potato, tomato, and pepper production in tropical and subtropical regions are well documented. Most of the research conducted on bacterial wilt to date has been in relation to largeacreage agronomic crops, and recent research on geraniums has been limited (31, 42) . Among many potential ornamental hosts, R. solanacearum has been described infecting anthurium, pothos, ornamental ginger, gerbera, zinnia, salvia, verbena, heliconia, sunflower, and geranium (16, 22, 23, 30, 42) .
R. solanacearum has historically been disseminated in banana and potato propagative material (2, 7, 34) . The potential movement of a systemic pathogen such as R. solanacearum in propagative material between countries has likely been underestimated. This potential mechanism of dissemination is even greater in cases where plants are not considered susceptible. Thus, theses hosts are not examined for particular pathogens. When new undescribed pathotypes of R. solanacearum are introduced from propagative material into a new environment, the potential impact on local crops in a new environment is unpredictable. Here, we compare populations of R. solanacearum entering North America on ornamental crop material using repetitive polymerase chain reaction (rep-PCR), amplified fragment length polymorphism (AFLP), sequence analysis of the endoglucanase and the cytochrome b561 genes, and host range.
MATERIALS AND METHODS
R. solanacearum strains were collected over a 10-year period. Plant samples were taken directly from imported boxes of cuttings, recently planted cuttings, and outbreaks within more established plantings. In all cases, host of origin and country of origin of plant material were obtained and recorded. Additional R. solanacearum strains were obtained from locations considered to have a higher probability of being introduced into North America due to proximity or agricultural trade. In addition, a number of reference strains along with strains isolated from solanaceous hosts in Florida were included for comparison (Table 1) .
Bacteria were isolated from surface-sterilized (0.3% NaOCl) leaves and stems of infected cuttings on modified Kelman's (21) triphenyltetrazolium chloride (TZC) medium. Individual colonies were selected and assessed for purity after incubation at 28°C for 48 h. Selected colonies were mucoid and displayed the characteristic red swirling egg-shaped pigmentation pattern of R. solanacearum (17) . Strains were stored at -80°C in Difco Nutrient Broth amended with 50% glycerol.
Strain identification and genomic comparison. All R. solanacearum strains in this study were confirmed to species via fatty acid methyl ester (FAME) analysis. FAME analyses were performed following protocols of Miller (20) and Sasser (28, 29) using the MIDI Microbial Identification System and software (version TSBA 3.90; Microbial ID, Inc., Newark, DE). Biovar designations of each strain were done using procedures of Hayward (8) .
Genotypic characterization. DNA was extracted from overnight broth-grown cultures using the GenomicPrep Kit (Amersham Pharmacia Biotech, Piscataway, NJ). All strains were genotyped with Rep-PCR (18) . Amplifications were done using Ready-To-Go random amplified polymorphic DNA (RAPD) analysis beads (Amersham Pharmacia Biotech). Cycling parameters for the BOX-PCR were as follows: initial denaturing at 95°C for 5 min followed by 45 cycles of: 95°C for 1 min, 53°C for 1 min, and 72°C for 2 min. Profiles for ERIC and REP were generated similarly, with the exception that the annealing temperatures were adjusted to 52 and 40°C, respectively.
After gel electrophoresis, genomic fingerprints were recorded under UV light using a Kodak Digital Documentation System 120 (Rochester, NY). Pearson correlation and unweighted pair group means analysis (UPGMA) were performed using the BioNumerics program (version 2.5; Applied Maths, Kortrijk, Belgium). For strains exhibiting unique banding patterns, DNA was extracted again, amplifications were repeated, and samples were reanalyzed. Using the BioNumerics program, a combined comparison was made of banding patterns from rep-PCR primers. Cluster cutoff values were also calculated using the BioNumerics software in each comparison.
To substantiate rep-PCR clusters of biovar 2 strains, AFLP was performed as described by Janssen et al. (14) using the EcoRI and MseI restriction enzymes, adaptors, and primers (41) . Selective amplification reactions were performed using M02/E00, M03/E00, M03/E01, and M04/E01 selective nucleotide primer pairs labeled with Eco primers labeled with IR700 dye. Fragments were resolved using the Global LI-COR IR 2 system. Gel images of the resulting banding patterns were recorded as Tiff files using the SAGA software (LI-COR). AFLP markers were visually confirmed and clustering analysis was done using UPGMA in BioNumerics (version 2.1; Applied Maths).
Phylotyping and sequencing of endoglucanase and the cytochrome b561 genes. Representative strains (n = 25) from the observed rep-PCR clusters ( Fig. 1) were further analyzed. Strains were selected based on host of origin, geographic location, and the greatest difference between similarity coefficients within clusters. By doing this, we hoped to maximize genetic diversity. More strains were selected from rep-PCR clusters A, E, and F because strains within these clusters represent strains with the greatest potential of introduction and spread in North America. All procedures and primers utilized for phylotyping were those of Fegan and Prior (4) . Both the endoglucanase (egl) and CybB loci were analyzed. Primers and cycling parameters for amplification and sequencing of egl have been described by Fegan et al. (5) . The cytochrome b561 gene was amplified using primers YP148-F: 5′-CGG GCT GTT TTC TTT GGT-3′ and YP148-R: 5′-CCG TCA CGC TGC TCT TG-3′ or primers CYTO-F: 5′-AGG AAT CCG ATG CCG CA-3′ and CYTO-R: 5′-TCA GCG CAG GAA CGG CAG CAT-3′ in a reaction containing 0.4 µM each primer, 0.125 mM each dNTP, 1× standard Taq reaction buffer, and 2.5 U of Taq DNA polymerase (New England Biolabs, Ipswich, MA). The PCR was performed on a Bio-Rad iCycler using the following program: 3 min at 94°C; followed by 35 cycles of 45 s at 94°C, 30 s at 53 or 65°C (for CYTO-F and CYTO-R, respectively), and 45 s at 72°C; and a final extension step of 10 min at 72°C. YP148-F, YP148-R, CYTO-F, and CYTO-R were used for sequencing. Amplicons were visualized on agarose gels and column purified using the Wizard SV Gel and PCR Clean-up System (Promega Corp., Madison, WI). Column-purified PCR amplicons were sequenced. Independent phylogenetic analyses were conducted using the previously studied endoglucanase precursor egl and cytochrome b-561 (cyt-b) using the parsimony criterion implemented in PAUP 4.0b10 (32) . All characters were treated as unordered. Trees were constructed by a heuristic search with tree bisection-reconnection (TBR) branch swapping in a random stepwise addition of taxa repeated 1,000 times. Maxtrees was set to increase incrementally. Node support was evaluated by nonparametric bootstrap resampling (6) . Bootstrap scores were calculated from 1,000 replicates, with each replicate consisting of three searches starting with a tree built by stepwise addition using the simple addition sequence. For the egl analysis, R. syzygii accessions AY464984 and AY465005 served as outgroup taxa. Similarly, R. eutropha accession AM260479 was used as an outgroup in the cyt-b analysis.
Host range. The host range of race 1 strains is poorly characterized. Race 1 is known to contain strains capable of infecting a broad range of host genera and species. In contrast, race 3 bacterial wilt strains are known to have a limited host range infecting potato, tomato, geranium, and closely related solanaceous crops or weeds. A limited host range study was conducted using five R1B1 strains from each of five rep-PCR clusters B to F (25 strains) and one strain of R3B2 (UW551) from cluster A. Both a stab and a nonwounding inoculation were done on three plants of the following species: tomato (cv. Walter), potato (cv. Red Pontiac), pothos (cv. Golden), tobacco (cv. Hicks), triploid banana (cv. Dwarf Cavendish), and anthurium (cv. Red Hot). For the stab inoculation, a sterile dissecting needle was dipped into a 48-h-old colony of R. solanacearum and stabbed into the stem of each plant ≈2 cm above the soil line. In the nonwounding experiment, 48-h-old bacteria were spectrophotometrically adjusted (absorbance at 600 nm) in saline (NaCl at 8.5 g/liter) to 1 × 10 8 CFU/ml (6 × 10 7 CFU/g of soil) and plants were inoculated by pouring 50 ml of the aqueous suspension onto the soil surface (9-cm pot). Plants were placed in a glasshouse with temperatures maintained at 18 to 32°C and maximum lighting at 266 µmol m -2 s -1
, and examined over a 6-week period for symptom development. Ralstonia spp. were reisolated, as previously described, from representative plants with wilt symptoms. Testing of the R3B2 strain was done in environmental chambers set on a 12-h day-and-night cycle (19°C, night; 24°C, day; 310 µmol m -2 s -1 ). In all inoculation experiments, a saline control was utilized as a noninoculated control. All host range tests were repeated under the same environmental conditions.
RESULTS

Strain identification and genomic comparison.
Using FAME/MIDI analysis, strains were identified as R. solanacearum or closely related R. pickettii. However, using the FAME/MIDI analysis, strains could not be separated based on biovar, geo- graphic origin, or original host. rep-PCR was effective in separating strains into distinct clusters based on origin and biovar (Fig. 1) . Biovar 1 strains were separated into five clusters. Similarity coefficients in clusters were ≥70% except for cluster D. This cluster contained strains isolated from vegetables and heliconia and appears to be very genotypically diverse in nature. Biovar 2 strains were separated into one cluster with four subclusters. In confirming validity of these four subclusters, DNA was extracted at least twice from each strain and PCR was performed with the rep-primers a minimum of two times. In these repeated analyses, strains recovered from Guatemala could not always be separated from world-wide control strains, nor could the Kenya strains always be separated from Costa Rican strains. It appears that faint bands in combination with computer-assisted strain separation may be responsible for inability to consistently differentiate populations. The Guatemala strains were isolated over a 4-year period (1999) (2000) (2001) (2002) ) and appear to exhibit moderate genotypic diversity. The strains from Kenya formed a tight cluster and likely represent a clonal population. These strains were recovered in 2002 from geraniums imported from Kenya. The R3B2 strains of Costa Rican origin were also isolated in 2002; however, from cuttings imported into Canada. In order to confirm subclusters in biovar 2, four different primer pairs were employed in AFLP analysis. Using AFLP, it was not possible to distinguish populations regardless of the number of AFLP markers used. However, unique polymorphic fragments were observed for some isolates that might prove useful in distinguishing biovar 2 populations. Because these rep-PCR subclusters could not reliably be reproduced, separation is not shown in Figure 1 . Phylotyping and sequencing of endoglucanase and the cytochrome b561 genes. Using multiplex PCR, the majority of strains were classified as phylotype II, with only two reference strains of race 1, biovar 3 being phylotype 1 (Fig. 2) . Biovar 3 strains in phylotype I are rarely found in the United States. Phylotype II comprises strains belonging to biovars 1 and 2 isolated in America and includes races 2 and 3, and some race 1 strains (3,4) . The egl gene sequence has been used successfully to distinguish R. solanacearum into 23 sequevars (4). In our analysis, three well-supported separate clades were observed within phylotype II (Fig. 2) . All (R3B2) strains from rep-PCR cluster A were found to have one egl sequence type (sequevar 1). Similarly, the R1B1 strains from either pothos or anthurium (rep-PCR clusters B, E, and F) shared one egl sequence type (sequevar 4). In contrast, R1B1 strains recovered from vegetable hosts (rep-PCR clusters C and D) exhibit more diversity in the egl region (sequevar 5 and 7). Similar observations using the egl locus have been previously reported by Castillo and Greenberg (3). In this study, both the egl and cytochrome b561 sequences allowed for similar genotypic resolution of R. solanacearum strains (Figs. 2  and 3) .
rep-PCR can be used effectively to distinguish clonal outbreaks (lines) of bacterial wilt. rep-PCR fingerprinting cannot effectively be used to distinguish populations into large infrasubspecific groups (sequevars).
Host range. Strains in different rep-PCR clusters exhibited different host ranges ( Table 2 ). The larger host ranges were observed with strains in rep-PCR clusters B, E, and F (sequevar 4) representing strains from Costa Rica, Martinique, and Guadeloupe. These strains were isolated from anthurium and pothos and were virulent on tomato, potato, and geranium, infecting and causing wilt using either wounding or soil drench inoculation methods. Strains in clusters E and F also produced wilt symptoms on anthurium and pothos using either inoculation method. Strains in cluster B only produced wilt symptoms on pothos using the wound inoculation method and did not wilt tobacco. The race 1 strains, isolated from vegetables, in clusters C and D (sequevars 5 and 7) produced wilt symptoms on tomato, potato, and geranium using either inoculation method. Only 40% of the strains in these two clusters produced wilt symptoms on tobacco. As expected, the R3B2 (UW551) strain (sequevar 1) only infected tomato, potato, and geranium. Geranium may be a universal host of biovar 1 and 2, similar to tomato and potato. Undoubtedly, we would expect variation in susceptibility of geranium cultivars as seen in cultivars of tomato and potato. 
DISCUSSION
Many ornamental crops are produced in countries that have low labor costs as well as environments favorable to plant growth. Each year, thousands of ornamental plants are brought into the United States. The majority of these arrive as either cuttings, bare root, or some other type of asexual propagule. The sheer volume makes it impossible to accurately check for systemic pathogens. Therefore, inspection emphasis is placed on insects and fungal pathogens that produce spore structures.
In order to safeguard the geranium industry, strict production guidelines have been implemented for facilities producing geranium cuttings that are shipped into the United States (37) . Sanitation measures include raised benches, cement floors, purified water, sterilization of tools, and the use of synthetic growing media. Before these sanitation measures were implemented, imported geraniums from Africa and Central America were occasionally found to be infected with R3B2. Geraniums have also been linked to introductions of R3B2 into Europe (13) . A reasonable concern has always been that R. solanacearum would be introduced and spread to potato production. However, to date, there has been no evidence of spread from geranium production to potato. Potato cultivars are highly susceptible to these introduced strains; however, without cocultivation, establishment in potato-producing areas is unlikely. In order to establish R. solanacearum in a temperate environment, a host must be readily available and there must be a mechanism of movement (i.e., water) (26) .
Because of the international movement of ornamental plants, it is important to be able to determine the origin of bacterial wilt outbreaks. A quick, accurate method of distinguishing new populations of the pathogen is required. Common diagnostic methods such as BIOLOG (1) and FAME analysis (12) have been advocated in studying bacterial wilt populations. However, these techniques require an extended time period and specialized equipment. In addition, library systems that are sold for identification commonly misidentify strains due to the large genetic diversity found within R. solanacearum. In this study, FAME/ MIDI analysis was usually accurate in identifying Ralstonia spp. but could not separate strains based on race, biovar, original host, or country of origin.
In recent years, the 16S rDNA (11, 25, 33) , egl (4), and hrpB (24) genes have been used to separate strains of R. solanacearum into genetic divisions that can be traced back to continent of origin (40) . The various levels of polymorphism that exist within each of these DNA sequences determine their usefulness. Genomic fingerprinting using RAPD, AFLP, pulsed-field gel electrophoresis, and rep-PCR have been recommended in studies that are trying to examine clonal lines (4) . A number of studies have used rep-PCR to distinguish populations of R. solanacearum (10, 15, 27, 35) . In this study, rep-PCR was useful in separating strains based on biovar and, to an extent, host and country of origin. Being able to identify clonal lines is very useful because most outbreaks within production facilities are considered to arise from a single introduced clone of the pathogen. This is due to asexual crop propagation and on-site spread of the pathogen by workers within a production facility. The highest level of resolution observed with rep-PCR was obtained when data from all three primer sets were analyzed in combination. Intensity of various gels was equalized using a standard molecular weight ladder. Except for removal of occasional dirt spots and faint bands below 298 bp, scoring of rep-PCR-generated markers required no editing. Scoring markers manually by selecting only those with greater intensity did not allow for any greater resolution in these populations. Using rep-PCR, biovar 3 could easily be distinguished from biovars 1 and 2. However, within cluster A, subclusters were evident only in certain analysis runs and could not always be distinguished with rep-PCR. The lower limit of utility of rep-PCR was observed when trying to distinguish clonal populations of R3B2. The strains originating from Kenya always appeared to be distinct and probably clonal in nature. Likewise, in this study, AFLP markers were not particularly useful in distinguishing R3B2 populations to the level of geographical origin level. The lowest rep-PCR similarity coefficients observed in this study were in cluster D, suggesting that biovar 1 strains isolated from vegetables in Florida and the Caribbean islands are perhaps under less selection when compared with the other races. In regards to the biovar 1 strains, our results are in agreement with previous research revealing a high degree of genetic heterogeneity found in the United States (19, 39) .
The sequevar classification system based on the egl gene sequence has been very useful in identifying infrasubspecific groups of R. solanacearum (4) . The low similarity coefficients of the rep-PCR clusters compared with the sequevar clusters substantiates that there are many clonal lines making up each sequevar cluster. Similarity coefficients and strains within each cluster were nearly identical when either the egl or cytochrome b561 gene sequence was compared (Fig. 2 ). It appears that either sequence could be used to distinguish R. solanacearum sequevars. Because rep-PCR produces a specific genomic fingerprint for a clonal line, it cannot effectively be used to distinguish the larger infrasubspecific groups (sequevars).
R. solanacearum is known to infect hundreds of plant species (9). Biovar 1 strains are known to have the largest host range, although individuals within this group can have very limited host ranges. Comparatively, biovar 2 strains are known to have limited host ranges, primarily infecting solanaceous crops and weeds (13) . Still other plant species can act as latent hosts in which bacteria colonize both the vascular systems and roots without symptom development (13) . The limited host range tested in this study illustrates that the strains arriving in North America are poorly characterized. Hosts which they are capable of infecting are unknown and their ability to become established is equally unknown.
